Proper inclusion of van der Waals (vdW) interactions in theoretical simulations based on standard density functional theory (DFT) is crucial to describe the physics and chemistry of systems such as organic and layered materials. Many encouraging approaches have been proposed to combine vdW interactions with standard approximate DFT calculations. Despite many vdW studies, there is no consensus on the reliability of vdW methods. To help further development of vdW methods, we have assessed various vdW functionals through the calculation of structural properties at equilibrium, such as lattice constants, bulk moduli, and cohesive energies, for bulk solids, including alkali, alkali-earth, and transition metals, with BCC, FCC, and diamond structures as the ground state structure. These results provide important information for the vdW-related materials research, which is essential for designing and optimizing materials systems for desired physical and chemical properties.
Introduction
The development of approximate density functional theory (DFT) [1, 2] methods that are able to account for van der Waals (vdW) interactions has attracted a great deal of interest due to its importance in the theoretical description of organic or layered materials as well as that of physical, chemical, and biological processes [3] [4] [5] [6] [7] [8] [9] . Many encouraging schemes and algorithms have been proposed to include vdW interactions in theoretical simulations based on standard DFT. One of the promising vdW approaches is the vdW density functional (vdW-DF) method, which does not depend on external input parameters and is based directly on the electron density [10] . In the vdW-DF method, the exchangecorrelation (XC) energy is given as
where E GGA X is the generalized gradient approximation (GGA) to the exchange energy, E LDA C is the local density approximation (LDA) to the correlation energy, and E nl C is the nonlocal electron correlation energy. In the case of the vdW-DF approach, the computational time increases by 50% compared to standard DFT calculations such as the LDA and the GGA calculations [11] . Depending on the selection of the exchange functional, there are many vdW-DF methods. Here we consider the five vdW-DF functionals; revPBE-vdW [10] , rPW86-vdW2 [12, 13] , optPBE-vdW [14] , optB88-vdW [14] , and optB86b-vdW [15] . In addition, there is another widely used vdW approach, the so-called dispersion-corrected DFT-D in which an atom-pairwise potential is added to a standard DFT result. In the original DFT-D scheme [16] , the predetermined constant dispersion coefficients are assigned to an element irrespective of its environment. To improve this, the dispersion coefficients are further modified to vary with the environment of an element. In contrast to the vdW-DF schemes, the DFT-D schemes do not add a significant computational cost compared to the standard DFT calculations. In the DFT-D schemes, we consider the five vdW functionals; DFT-D2 [17] , DFT-D3 [18] , DFT-D3(BJ) [19] , DFT-TS [20] , and DFT-TS-SCS [21, 22] . The environment-dependent DFT-D3 scheme has zero damping for small interatomic distances, whereas the DFT-D3(BJ) scheme has rational damping to finite values (BJ-damping) as Becke and Johnson proposed. Grimme et al. suggested that the DFT-D3(BJ) performed slightly better than the DFT-D3 for noncovalently-bonded materials systems [19] . In the DFT-TS scheme, the dispersion coefficients are determined by employing the partitioning of the electron density [20] . The DFT-TS scheme can be further modified by incorporating self-consistent long-range screening effects [21, 22] . This modified scheme is herein called the DFT-TS-SCS functional. Tkatchenko et al. report that the DFT-TS-SCS functional performs better than the DFT-TS functional [21, 22] . However, despite many vdW studies, the assessment of the performance of the vdW functionals on a broad range of material systems is lacking.
In the present work, we have investigated structural properties (lattice constants, bulk moduli, and cohesive energies) at equilibrium for bulk solids with body centered cubic (BCC), face centered cubic (FCC), and diamond (DIA) structures, to assess the performance of various vdW functionals based on the DFT. We herein consider the ten vdW functionals implemented in the Vienna Ab-initio Simulation Package (VASP) code [23] [24] [25] [26] ; revPBE-vdW, rPW86-vdW2, optPBE-vdW, optB88-vdW, optB86b-vdW, DFT-D2, DFT-D3, DFT-D3(BJ), DFT-TS, and DFT-TS-SCS functionals. For comparison, the LDA and GGA calculations were also performed. Our calculations show that the five vdW functionals of optB86b-vdW, optB88-vdW, optPBE-vdW, DFT-D3, and DFT-D3(BJ) give better performance compared to the other vdW functionals. Differences among the results from the five vdW functionals are also discussed. These results provide important information for further development of vdW methods to improve the description of a wide range of materials systems.
The paper is organized as follows. In Sec. 2, the computational method and settings used in this study are briefly described. The results and discussion are presented in Sec. 3. Finally, the conclusions are stated in Sec. 4.
Computation method
We employed the VASP code to perform the DFT calculations, including spin effects for magnetic elements, with various vdW functionals [23] [24] [25] [26] . In this work, we considered ten vdW functionals implemented in the VASP; revPBE-vdW [10] , rPW86-vdW2 [12, 13] , optPBE-vdW [14] , optB88-vdW [14] , optB86b-vdW [15] , DFT-D2 [17] , DFT-D3 [18] , DFT-D3(BJ) of Becke-Jonson [19] , DFT-TS [20] , and DFT-TS-SCS [21, 22] . For comparison, LDA and GGA calculations were also performed using the Ceperley-Alder [27] and the Perdew-Burke-Ernzerhof (PBE) [28] expressions, respectively, for the exchange-correlation functional. In the case of the DFT-D schemes [DFT-D2, DFT-D3, DFT-D3(BJ), DFT-TS, and DFT-TS-SCS], we used the PBE parameterization of the GGA for the exchangecorrelational functional. For electron-ion interactions, the projector augmented-wave (PAW) method [29, 30] was used. We considered 29 elements with BCC, FCC, and diamond structures as the ground state in the bulk phase. In the calculations, the electronic wave functions were expanded by plane waves with an energy cutoff of 700 eV. The k-space integration was performed using a Γ-centered 12×12×12 mesh in the Brillouin zone (BZ) of the primitive cell. The tetrahedron method with Blöchl corrections [31, 32] was used to improve the computational convergence. We performed total energy calculations to obtain the ground state properties such as the equilibrium lattice constant, the bulk modulus, and the cohesive (atomization) energy. The ground state properties were determined by fitting the calculated total energy as a function of the volume to the Birch-Murnaghan equation of state [33] [34] [35] . In the fitting, a set of eleven different volumes around the experimental equilibrium volume corresponding to the equilibrium lattice constant was used.
Results and discussion

Lattice constant
The equilibrium lattice constants calculated with the ten vdW functionals are summarized in Table 1 , and the relative errors in the equilibrium lattice constants with respect to the experimental values are shown in Fig. 1 . For comparison, we also present the results of the standard DFT functionals of LDA and GGA. The standard GGA functional gives the relative errors in the range of ±2%, while the standard DFT functional of LDA shows shorter equilibrium lattice constants than those from the other functionals, indicating the well known overbinding of atoms in [38, 39] . In the case of the vdW functionals, optB86b-vdW, optB88-vdW, optPBE-vdW, and DFT-D3 show the relative errors in the range of ±3%. The DFT-D3(BJ) functional shows the relative errors in the range from −3% to +1% for all elements except for Li. The DFT-TS and DFT-TS-SCS functionals give results comparable to the other vdW functionals, except for the alkali (Li, Na, K, Cs) and alkali-earth (Ca, Sr, Ba) metals. For these two vdW functionals, the DFT-TS-SCS scheme with the self-consistent screening (SCS) effects shows better performance than the DFT-TS scheme without the SCS effects [21, 22] . In the case of revPBE-vdW and rPW86-vdW2, the relative errors range from −3% to +6%. The relative errors are observed to be more scattered compared to those from the vdW functionals of optPBE-vdW, optB88-vdW, optB86b-vdW, DFT-D3, and DFT-D3(BJ). This behavior becomes more significant with the increase of the atomic number.
To further aid our understanding, we discuss the differences among the five vdW results of optPBE-vdW, optB88-vdW, optB86b-vdW, DFT-D3, and DFT-D3(BJ). In the case of DFT-D3, and DFT-D3(BJ), Grimme et al. [19] reported that the DFT-D3(BJ) vdW functional with rational damping to finite values for small interatomic distances performed slightly better than the DFT-D3 functional with zero damping when used for noncovalently-bonded systems. Our calculations show that both schemes give very similar results (see Fig. 2 ). For alkali and alkali-earth metals, however, the DFT-D3 functional gives much better performance than the DFT-D3(BJ) functional (see Fig. 2 ). In the case of the vdW-DF functionals of optPBE-vdW, optB88-vdW, and optB86b-vdW, the optB86b-vdW functional gives either better or comparable performance in equilibrium lattice constants compared to the optPBE-vdW and optB88-vdW functionals (see Fig. 2 ). 
Bulk modulus
The bulk moduli calculated with the ten vdW functionals are presented in Table 2 , and the relative errors in the calculated bulk moduli with respect to the experimental values are shown in Fig. 3 . In general, the trend of the bulk moduli is adequately reflected in the behavior of equilibrium lattice constants. Fig. 3 clearly shows that the smaller equilibrium lattice constants lead to larger values of bulk moduli. As expected in the calculated equilibrium lattice constants, the DFT-TS and DFT-TS-SCS vdW functionals show worse results for alkali metals (Li, Na, K, Cs), and the DFT-D2 functional gives a relative error even over 100% for Cs and Ba. In the case of the vdW-DF methods, for most of elements considered herein, the revPBE-vdW and rPW86-vdW2 give worse results than the other vdW-DF functionals (optB86b-vdW, optB88-vdW, and optPBE-vdW). Next we discuss the differences among the five vdW results of optB86b-vdW, optB88-vdW, optPBE, DFT-D3, and DFT-D3(BJ). In the case of the DFT-D3 and DFT-D3(BJ) functionals, as expected from the calculated equilibrium lattice constants, the DFT-D3 functional shows either comparable or better results than the DFT-D3(BJ) functional (see Fig. 4 ). Better performance of DFT-D3 is observed for alkali and alkali-earth metals. In the case of the optB86b-vdW, optB88-vdW, and optPBE-vdW, the calculated results show very similar behavior, and the optB86b-vdW functional performs better for elements with large atomic number (see Fig. 4 ). The cohesive energies calculated with the ten vdW functionals are summarized in Table 3 , and the relative errors in the cohesive energies with respect to the experimental values are presented in Fig. 5 . The cohesive energies E coh are calculated using the following equation: where E tot and E atom are the total energy of the system for atoms in the primitive unit cell at equilibrium and an isolated (free) spin-polarized atom, respectively, and n is the number of atoms in the primitive unit cell. The experimental cohesive energies were corrected by the zero-point vibration energy E ZPV calculated using the Debye temperature Θ D ,
For Pb, the relative errors in the calculated cohesive energies are as large as over 40% for all the vdW functionals. In the case of the DFT-TS and DFT-TS-SCS functionals, poor performance is observed for alkali metals (Li, Na, K, Cs). The DFT-D2 functional shows poor performance for Cs and Ba. In the case of the vdW-DF functionals, the revPBE-vdW and rPW86-vdW2 functionals give lower cohesive energies than the other vdW-DF functionals.
Next we discuss the differences among the five vdW results of optB86b-vdW, optB88-vdW, optPBE, DFT-D3, and DFT-D3(BJ). The DFT-D3 functional shows either comparable or better performance compared to the DFT-D3(BJ) (see Fig. 6 ). In the case of the vdW-DF functionals, the optB86b-vdW, optB88-vdW, and optPBE-vdW functionals show very similar results, although the optB86b-vdW functional gives higher cohesive energies than the optB88-vdW and optPBE-vdW functionals (see Fig. 6 ).
Summary
In summary, we have investigated the lattice constants, the bulk moduli, and the cohesive energies for the bulk solids of 29 elements at equilibrium, using various vdW functionals based on the DFT in the VASP code. The assessed vdW functionals are classified into two groups. One is the vdW-DF functionals made by a proper choice of exchange functional, and the other is the vdW functionals of a dispersion-corrected DFT-D approach in which an atompairwise potential is added to a standard DFT result. The DFT-TS and DFT-TS-SCS functionals showed relatively poor performance for alkali and alkali-earth metals. Note that in the case of the DFT-TS and DFT-TS-SCS functionals, effective atomic volumes are used to calculate the dispersion coefficients. For the calculations, the partitioning of the electron density for each atom in a molecule or solid is performed and its result is then used to scale the dispersion coefficient with reference to the corresponding value for a free atom. Our calculations suggest that the partitioning of the electron density for effective atomic volumes may not be sufficiently accurate for delocalized alkali and alkali-earth metals. We obtained a general trend that the vdW functionals (optB86b-vdW, optB88-vdW, and optPBE-vdW) with optimized exchange functionals and the DFT-D vdW functionals [DFT-D3 and DFT-D3(BJ)] give better results than the original revPBE-vdW and rPW86-vdW2 functionals. To further aid in our understanding, we also discussed the differences among the vdW results of optB86b-vdW, optB88-vdW, optPBE-vdW, DFT-D3, and DFT-D3(BJ). These five vdW functionals showed very similar results. The DFT-D3 functional with zero damping gave either comparable or better performance compared to the DFT-D3(BJ) with damping. In the case of the vdW functionals with optimized exchange functionals, the optB86b-vdW showed slightly better performance in the equilibrium lattice constants and the bulk moduli compared to the other vdW functionals of optB88-vdW and optPBE-vdW. For the cohesive energies, the vdW functionals of optB86b-vdW, optB88-vdW, and optPBE-vdW functionals showed very similar results with smaller variation compared to the original vdW-DF methods of revPBE-vdW and rPW86-vdW2 and the standard LDA method. The results we present in this study provide fundamental information on how the various vdW functionals perform for the selected solid elements, including alkali, alkali-earth, and transition metals, with BCC, FCC, and diamond structures as the ground state structure.
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